Type IV collagen, which is a major constituent of basement membranes, consists of six chains from α1 to α6 that are encoded by the *COL4A1* to *COL4A6* genes, respectively. These chains assemble into three types of triple-helical molecules which have chain compositions of α1.α1.α2 (IV), α3.α4.α5 (IV), and α5.α5.α6 (IV)[@b1]. These protomers dimerize through the noncollagenous 1 (NC1) domains at the carboxyl terminus and form tetramers through their amino terminal domains[@b2]. In healthy humans, the glomerular basement membrane (GBM) is composed of only the α1.α1.α2 (IV) isoform during fetal development, however, the majority of this isoform is subsequently replaced by the α3.α4.α5 (IV) isoform at the capillary loop stage[@b3][@b4].

Alport syndrome (AS), which is caused by mutations in either the *COL4A3*, *COL4A4*, or *COL4A5* gene, is a progressive hereditary nephritic disease that leads to irreversible renal failure[@b5]. A more effective treatment is currently being sought worldwide because the only established treatment for AS is renal transplantation[@b6]. X-linked AS (XLAS), which is caused by abnormalities in *COL4A5*, accounts for approximately 80% of AS cases[@b7]. Autosomal recessive AS (ARAS), which is caused by a defective *COL4A3* or *COL4A4*, accounts for approximately 15%[@b8].

*Col4a3* −/− mice are widely used to study AS treatments[@b9][@b10] because the degree of renal impairment is highly uniform in comparison to *Col4a5* −/− male mice, which have lifespans that range from 6 to 34 weeks of age[@b11]. Thus far, numerous drugs have been reported to prolong the lifespan of *Col4a3* −/− mice[@b12][@b13][@b14][@b15][@b16].

The pathophysiologies of XLAS and ARAS are considered to be similar because the lack of one subunit of the α3.α4.α5 (IV) isoform results in the degradation of the other two due to a failure to assemble a triple-helical protomer[@b17]. However, both α1.α1.α2 (IV) and α5.α5.α6 (IV) protomers can theoretically be formed in ARAS, but not in XLAS (in which only α1.α1.α2 (IV) protomer can be formed). In fact, the α5 (IV) and α6 (IV) chains have been identified in Bowman's capsule (BC) of ARAS patients[@b18][@b19]. Interestingly, both of these chains were expressed in the GBMs of a canine model of ARAS[@b20], and in *Col4a3* −/− mice. In this latter study, affinity fractionation determined that the α5.α5.α6 (IV) isoform formed a network with the α1.α1.α2 isoform[@b21]. It remains unknown whether the regulation of type IV collagen isoforms in humans differs from that in dogs or mice, since the presence of the α5 and α6 (IV) chains has not been clearly demonstrated in the GBM of ARAS patients.

In XLAS, the GBM, which is composed of only the α1.α1.α2 (IV) protomers, is considered to be more susceptible to proteolytic attack because the α1.α1.α2 (IV) isoform contains fewer disulfide cross-links than the α3.α4.α5 (IV) isoform[@b3][@b22]. On the other hand, the GBM of *Col4a3* −/− mice is composed of both the α1.α1.α2 (IV) and α5.α5.α6 (IV) protomers, while that of *Col4a5* −/− mice is composed of only the α1.α1.α2 (IV) protomers[@b21]. Curiously, there is a significant difference in the lifespans of *Col4a3* −/− mice between the 129 × 1/Sv and C57BL/6 strains[@b23][@b24]. This may be associated with a higher expression of the α5 and α6 (IV) chains in the GBM in the C57BL/6 strain in comparison to that in the 129 × 1/Sv strain[@b21].

*COL4A6* is located on the X chromosome in a head-to-head manner with *COL4A5* closely[@b25]. Although the deletion of both *COL4A5* and *COL4A6* is known to cause AS with diffuse leiomyomatosis[@b26][@b27], no study has so far found that a *COL4A6* mutation alone causes hereditary nephropathy.

In the present study, we investigated the role of the α5.α5.α6 (IV) isoform in the GBM on kidney function through the use of mice that lacked both the α3 and α6 (IV) chains.

Results
=======

The survival time of Col4a3 −/− mice (3KO) did not become shorter after ablating Col4a6
---------------------------------------------------------------------------------------

The survival times of 3KO and *Col4a3 & 6* −/− mice (DKO) on the 129 × 1/Sv background were 83 ± 6 and 81 ± 9 days, respectively. There was no significant difference in the mean survival times between 3KO and DKO mice ([Fig. 1a](#f1){ref-type="fig"}). Additionally, none of wild mice (WT) and *Col4a6* −/− mice (6KO) in this background died within 120 days. After backcrossing once with the C57BL/6 strain, the survival times of mixed 3KO (M3KO) and mixed DKO (MDKO) mice were 126 ± 23 and 136 ± 36 days, respectively. Although the survival times of M3KO and MDKO mice significantly improved in comparison to those of 3KO and DKO mice (*P* \< 0.05 for each), there was no significant difference in the mean survival times between M3KO and MDKO mice ([Fig. 1b](#f1){ref-type="fig"}).

The blood test results were comparable between 3KO and DKO mice
---------------------------------------------------------------

The blood urea nitrogen (BUN) and serum creatinine (Cr) levels are summarized in [Supplementary Table S1](#S1){ref-type="supplementary-material"}. At 7 weeks of age, there were no significant differences in the BUN levels of 3KO, 6KO, and DKO mice from those of WT mice ([Fig. 2a](#f2){ref-type="fig"}). While we noted no significant differences in the Cr levels of 3KO and DKO from those of WT mice, the Cr level of 6KO mice was significantly lower than that of WT mice (*P* \< 0.05, [Fig. 2b](#f2){ref-type="fig"}). At 11 weeks of age, the BUN and Cr levels of 3KO and DKO mice were significantly elevated in comparison to those of WT and 6KO mice (*P* \< 0.05, [Fig. 2a,b](#f2){ref-type="fig"}). There was no significant difference in the BUN and Cr levels between 3KO and DKO mice at 7 and 11 weeks of age. At 7 weeks of age, there were no significant differences in the BUN or Cr levels between M3KO and MDKO mice ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}).

The renal histology was similar between 3KO and DKO mice
--------------------------------------------------------

The sclerotic and fibrotic indices of WT, 3KO, 6KO, and DKO mice are summarized in [Supplementary Table S2](#S1){ref-type="supplementary-material"}. At 7 weeks of age, the sclerotic indices of 3KO and DKO mice were significantly higher than that of 6KO mice (*P* \< 0.05, [Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). Although the sclerotic indices of 3KO and DKO mice significantly increased in comparison to WT and 6KO mice at 11 weeks of age (*P* \< 0.05), there was no significant difference between 3KO and DKO mice ([Fig. 3a](#f3){ref-type="fig"}). Additionally, although the fibrotic indices of 3KO and DKO mice significantly increased in comparison to WT and 6KO mice (*P* \< 0.05), there was no significant difference between 3KO and DKO mice ([Fig. 3b](#f3){ref-type="fig"}). An electron microscopic examination at 11 weeks of age showed that the GBM of 6KO mice was unaffected while that of DKO mice exhibited typical changes of AS ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}).

The expression α5 (IV) and α6 (IV) chains in the GBM of 3KO mice was not observed after ablating Col4a6
-------------------------------------------------------------------------------------------------------

At 11 weeks of age, α1 and α2 staining of the GBM was positive in all four groups ([Fig. 4](#f4){ref-type="fig"}). In contrast, α3 and α4 staining of the GBM was positive in WT and 6KO mice and negative in 3KO and DKO mice. α5 staining of the GBM was positive in WT and 6KO mice, weakly positive in 3KO mice, and negative in DKO mice. In WT mice, BC exhibited positivity for α6, while both BC and the GBM of 3KO mice were positively stained. In contrast, α6 staining of BC and the GBM was completely absent in 6KO and DKO mice. These results were compatible with the fact that both the α3.α4.α5 (IV) and α5.α5.α6 (IV) protomers are absent from the GBM of DKO mice.

α3 (IV) to α6 (IV) chains were negative in the total kidney lysate of DKO mice
------------------------------------------------------------------------------

A Western blot analysis detected the α1 (IV) and α2 (IV) chains as a monomer and a dimer, respectively, in all four groups, whereas the α3 (IV) and α4 (IV) chains were only detected in WT and 6KO mice at 11 weeks of age ([Fig. 5](#f5){ref-type="fig"}). The dimer of the α5 (IV) chains was detected in the WT and 6KO mice and weakly detected in the 3KO mice but undetectable in DKO mice. The monomer of the α5 (IV) chains was detected in the WT and 6KO mice but undetectable in the 3KO and DKO mice. The dimer of the α6 (IV) chains was weakly detected in the WT and 3KO mice but undetectable in the 6KO and DKO mice. Similar results of the α5 (IV) and α6 (IV) chains were obtained from the RIPA buffer-treated samples ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}).

The Col4a1 and Col4a2 expressions were upregulated in 3KO and DKO mice compared to WT and 6KO mice
--------------------------------------------------------------------------------------------------

The relative expression levels of *Col4a1* to *Col4a6* in WT, 3KO, 6KO, and DKO mice are summarized in [Supplementary Table S3](#S1){ref-type="supplementary-material"}. A real-time reverse transcription polymerase chain reaction (RT-PCR) revealed that the relative expression levels of *Col4a1* and *Col4a2* in 3KO and DKO mice were 3.8/3.2 and 4.1/4.6 times higher, respectively, than that in WT mice, whereas the expression level of *Col4a5* was only 1.6 and 1 times higher, respectively ([Fig. 6](#f6){ref-type="fig"}). Furthermore, in 3KO mice, the *Col4a6* expression was only 1.3 times higher than that in WT mice.

α5 (IV) and α6 (IV) chains were focally detected in the GBM of ARAS patients
----------------------------------------------------------------------------

Two siblings, a male (ARAS1) and a female (ARAS2), of consanguineous Turkish parents presented with hematuria, proteinuria, and progressive renal insufficiency ([Fig. 7a](#f7){ref-type="fig"}). There were no known kidney diseases in the family. A genomic sequence analysis of the *COL4A3* and *COL4A4* genes in both patients revealed a homozygous mutation (c.4523-1G \> A) in intron 46 of the *COL4A4* gene, which resided in the AG consensus splice acceptor. The case histories of these two patients are described in the [Supplementary Methods](#S1){ref-type="supplementary-material"} section. An electron microscopic examination showed typical thickening, thinning, and splitting in the GBMs of both patients ([Fig. 7b](#f7){ref-type="fig"}). The GBM of the control samples was positively stained by α3, α4, and α5, while BC was positively stained by α5 and α6 ([Fig. 7c](#f7){ref-type="fig"}). α3 and α4 staining of the GBM was negative in both patients, while α5 and α6 staining of BC was positive. Moreover, α5 and α6 staining of some areas of the GBM was positive in the two patients (arrows and [Supplementary Fig. S5](#S1){ref-type="supplementary-material"}). In the ARAS2 patient, strong and linear α6 staining was observed in one region (arrowhead).

Discussion
==========

In this study, we demonstrated that there was no significant difference in the renal function or the survival between 3KO and DKO mice on the 129 × 1/Sv genetic background, although a weak expression of the α5 and α6 (IV) chains in the GBM of 3KO mice was detected. Additionally, there was no significant difference in the survival between M3KO and MDKO mice after backcrossing once with the C57BL/6 strain. These results indicated that the deposition of the α5.α5.α6 (IV) isoform in the GBM of 3KO mice does not play a major role in extending the survival period. On the contrary, MDKO mice survived longer than 129 × 1/Sv DKO mice, which was compatible with the previous suggestion that there might be modifier genes involved in the longer survival on the C57BL/6 genetic background, compared with the 129 × 1/Sv background, that are irrelevant to the *Col4a6* expression[@b23].

Although the survival of *Col4a5* −/− mice on the C57BL/6 background was reported to be 161 days, there are at least two different reports about the survival of C57BL/6 *Col4a3* −/− mice (194 days and 165 days, respectively)[@b23][@b24]. This indicates that the survival of C57BL/6 *Col4a3* −/− mice is quite variable in each facility and easily influenced by environmental factors, such as breeding conditions. In fact, the survival of *Col4a3* −/− mice on the 129 × 1/Sv background was 83 days in this study, while it was 66 days and 71 days in previous reports[@b13][@b23]. Therefore, a comparison of the survival between different facilities should be interpreted carefully, and it is better to make a direct comparison in one facility under the same environmental conditions.

According to our immunofluorescence study, the GBM of DKO mice contained only α1 and α2 (IV) chains, whereas that of 3KO mice contained the α1, α2, α5, and α6 (IV) chains. The GBM of WT and 6KO mice contained the α1 to α5 (IV) chains. These results suggested that, in comparison to the GBM of WT and 6KO mice which is comprised of both the α1.α1.α2 (IV) and α3.α4.α5 (IV) protomers, the GBM of DKO mice is composed only of the α1.α1.α2 (IV) protomers, while that of 3KO mice contains low levels of the α5.α5.α6 (IV) protomers in addition to the α1.α1.α2 (IV) protomers. By using real-time quantitative PCR, we attempted to examine the compensatory mechanism among *Col4a1* to *Co4a6* mRNAs. The results indicated that loss of the *Col4a3* expression is compensated mainly by *Col4a1* and *Col4a2* mRNAs, rather than those encoding *Col4a5* and *Col4a6*, which is consistent with previous results[@b9].

Furthermore, all of the 6KO mice with an 129 × 1/Sv background examined in this study survived until 120 days, and we observed no significant differences between the WT and 6KO mice at 11 weeks of age in the BUN and Cr levels, and the sclerotic index and fibrotic index. As a preliminary experiment, we examined the urine albumin-to-creatinine ratio in the WT and 6KO mice with a C57BL/6 background and observed no significant differences between the two groups ([Supplementary Fig. S6](#S1){ref-type="supplementary-material"}). These data support the lack of any reports of hereditary nephropathy due to *COL4A6* mutation alone. While the continuous deletion of both *COL4A5* and *COL4A6* is known to cause AS with diffuse leiomyomatosis[@b26], the 6KO mice did not show any apparent esophageal leiomyomatosis (data not shown). Unlike XLAS, which is related to the loss of the α5 (IV) chains due to mutations in *COL4A5*, leiomyomatosis is considered to be caused by the upregulation of the *IRS4* gene, which is located next to *COL4A5*[@b28].

It was of interest to examine the expression of the α5 and α6 (IV) chains in kidney sections of genetically-diagnosed human ARAS patients because these chains are detected in the GBM of ARAS canine and murine models[@b20][@b21]. Our two ARAS patients were found to have a homozygous point mutation in intron 46 of *COL4A4*, which very likely affects splicing of an exon encoding part of the NC1 domain of α4 (IV) chains, thereby leading to failure of α3.α4.α5 (IV) protomer assembly. The electron microscopy results were compatible with the diagnosis of ARAS. Immunohistochemical staining for the α5 and α6 (IV) chains showed partially positive signals in the GBM of these two patients, while α3 and α4 (IV) staining was negative. These results might indicate that the appearance of the α5 and α6 (IV) chains in the GBM is a phenomenon in ARAS that is common among different species; at the very least, the α5.α5.α6 (IV) protomer did not appear to be evenly distributed in humans.

In conclusion, our study demonstrated that although the α5/α6 (IV) collagen chains are observed in the GBM of 3KO mice, the α5.α5.α6 (IV) isoform does not appear to have a compensatory role. The extension of the survival of backcrossed DKO mice in comparison to 129 × 1/Sv DKO mice strongly suggested the existence of modifier genes other than *Col4a6*. Further investigations are warranted due to the diverse pathophysiology of this hereditary disease.

Methods
=======

Animal experimental design
--------------------------

*Col4a3* +/− mice (129-*Col4a3*^*tm1Dec*^/J, stock number 002908) were purchased from the Jackson Laboratory (Bar Harbor, MN, USA)[@b9]. *Col4a6* +/− mice were provided by Okayama University. Briefly, the *Col4a6* gene was inactivated by replacing parts of exon 2 and intron 2 with a Neomycin cassette[@b29]. Genotyping primers for 6KO were as follows: A6PA, 5′-ATTGTGGCTGTTCCTGGTTT-3′); A6PB, 5′-CGGAGAGCATTAGGCTAATG-3′; NeoPA, 5′-CTGCTCTTTACTGAAGGCTCTTT-3′. 3KO and 6KO mice were then backcrossed once with C57BL/6 mice and F1 offspring were crossed for the assessment of the survival time. Littermates were used as controls. All experimental protocols were approved by the Animal Care and Use Committee of Mie University (No. 18-8) and all experiments were performed in accordance with the approved guidelines.

Lifespan
--------

The survival times of WT (*n* = 15), 3KO (*n* = 15), 6KO (*n* = 15), and DKO (*n* = 36) mice were measured until 120 days and evaluated using the Kaplan-Meier method. The survival times of M3KO (*n* = 11) and MDKO (*n* = 15) were also evaluated using the Kaplan-Meier method.

Blood chemistry analysis
------------------------

The BUN and Cr levels in the WT, 3KO, 6KO, and DKO mice were examined at 7 and 11 weeks (*n* = 10 each) while those of the M3KO and MDKO mice were examined at 7 weeks (*n* = 5 each). The BUN and Cr levels were measured using a urease and glutamate dehydrogenase assay and an enzymatic assay, respectively, as described previously[@b30].

Morphological evaluation
------------------------

Periodic acid-Schiff staining was performed using formalin-fixed, paraffin-embedded kidney sections (3 μm) that were harvested at 7 and 11 weeks of age in order to analyze sclerotic changes in the WT, 3KO, 6KO, and DKO mice, except for the 7-week-old WT mice (*n* = 5 each). Masson's trichrome staining was performed to analyze tubulointerstitial fibrotic changes (*n* = 5 each). Under blinded condition, the sclerotic index was examined in 20 randomly selected glomeruli from each mouse and the fibrotic index, which was used to assess tubulointerstitial damage, was examined in 20 randomly selected areas from each mouse. The sclerotic and fibrotic indices were divided into five categories: 0 (no apparent damaged area), +1 (1--25% damaged area), +2 (26--50% damaged area), +3 (51--75% damaged area), and +4 (76--100% damaged area) as described previously[@b31].

The immunofluorescence study of the α1 -- α6 (IV) chains
--------------------------------------------------------

Cryosections (4 μm) were collected from 11-week-old mice (n = 3 per group) and silanized slides were prepared. The slides were incubated in acetone for 10 minutes at −20 °C, followed by incubation with primary antibodies for 60 minutes at 4 °C overnight after blocking with 10% normal goat serum for 30 minutes at room temperature. With the exception of H22, monoclonal primary antibodies specific to the NC1 domains of type IV collagen (α1 \[H11\], α2 \[H22\], α3 \[H31\], α4 \[RH42\], α5 \[b14\], and α6 \[B66\]) were diluted to 1:100; H22 was diluted to 1:50[@b32]. H11-, H22-, H31-, and b14-stained sections were treated with 6 M urea in 0.05 M glycine/HCl (pH 3.5) for 10 minutes and B66 for 1 min before blocking. The specimens were incubated with Alexa Fluor 488 goat anti-rat IgG (H + L) (Thermo Fisher Scientific) at 1:1000 dilution for one hour at room temperature. The primary antibodies were omitted in the negative controls. All images were taken by confocal microscopy using a Zeiss LSM 700 microscope (Zeiss, Oberkochen, Germany).

Western blotting
----------------

The minced mouse kidneys of the four groups (*n* = 3 each) were incubated at 37 °C for 24 hours with 0.5 mg of collagenase I (Worthington Biochemical Corporation, Lakewood, NJ, USA) and 2 volumes of digestion buffer (0.05M HEPES, pH 7.5, 0.01 M CaCl~2~, 4 mM N-ethylmaleimide, 1 mM phenylmethanesulfonyl fluoride, 5 mM benzamidine HCl, and 25 mM 6-aminohexanoic acid) to solubilize the NC1 hexamers of type IV collagen. To detect the α5 (IV) and α6 (IV) chains, the minced kidneys were also homogenized in RIPA buffer (50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1 mM ethylenediaminetetraacetic acid, 1% NP-40, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) with cOmplete protease inhibitor (Roche Life Science) and then were incubated on ice for 10 minutes. After centrifugation, the pellets were incubated in 2 volumes of digestion buffer with 0.5 mg of collagenase I at 37 °C for 24 hours. Polyacrylamide gel electrophoresis was performed on 4--12% gels under non-reducing conditions by applying 5 μg of kidney lysates from 11-week-old mice. The gels were transferred to polyvinylidene difluoride membranes and the membranes were incubated with primary antibodies at room temperature for 1 hour after blocking. H11, H22, H31, and RH42 were diluted to 1:100 and M54 for mouse α5 (IV) and M69 for mouse α6 (IV) were diluted to 1:50 as the primary antibodies. Horseradish peroxidase-linked secondary anti-rat antibodies were diluted to 1:3000. Immunodetection was performed using an enhanced chemiluminescence kit (Amersham Biosciences). The blots were then exposed to film for various lengths of time.

Real-time RT-PCR
----------------

Total RNA was isolated from the frozen kidneys of 11-week-old mice (*n* = 3 each) using TRIzol reagent (Thermo Fisher Scientific) and RT was carried out at 50 °C for 60 minutes in 20 μl of RT mixture containing 5 μg of total RNA, SuperScript III (Thermo Fisher Scientific), and oligo dT primers. The primer sequences were as follows: *Col4a1*, 5′-ATGCCCTTTCTCTTCTGCAA-3′ (forward) and 5′-ACTGCGGAATCTGAATGGTC-3′ (reverse); *Col4a2*, 5′-GTGCACAGCCAGGATACCTC-3′ (forward) and 5′-CCCCCGTTACACTCGATAAA-3′ (reverse); *Col4a3*, 5′-AACAAGGGCTTGAAAGGACA-3′ (forward) and 5′-TCTTGTCCATGTGCACGTTT-3′ (reverse); *Col4a4*, 5′-TTCCTCCTGGTTCTCCACAG-3′ (forward) and 5′-TGGATGTTGCAGTAGGCAAA-3′ (reverse); *Col4a5*, 5′-TGCCTTTCATGTTCTGCAAC-3′ (forward) and 5′-CCCTGAGGACAGTGTGGAAT-3′ (reverse); *Col4a6*, 5′-GAACAAACTGCCAAGCATCA-3′ (forward) and 5′-CTCCCACATGGCTTTCCATA-3′ (reverse); *Gapdh*, 5′-CGTCCCGTAGACAAAATGGT-3′ (forward) and 5′-GAATTTGCCGTGAGTGGAGT-3′ (reverse). For each sample, quantitative PCR was performed in triplicate using Power SYBR Green Master Mix (Thermo Fisher Scientific) with an ABI Prism 7300 Real-time PCR system (Applied Biosystems). The relative expression levels were calculated with the δ-δ cycle threshold (Ct) relative quantification (RQ) method (*ddCt*, *RQ* = 2^*−ddCt*^).

Case reports of the ARAS patients
---------------------------------

Written informed consent was obtained from both of the patients and all clinical experiments were performed in accordance with the Declaration of Helsinki. The case histories of these two patients are described in the [Supplementary Methods](#S1){ref-type="supplementary-material"} section.

Immunohistochemistry of formalin-fixed paraffin-embedded human kidney sections
------------------------------------------------------------------------------

Normal human kidney paraffin sections were purchased from Zyagen Laboratories. Antigen retrieval was performed according to the methods of previous reports with minor modifications[@b33][@b34]. Briefly, after deparaffinization, the specimens were incubated in 0.2 M HCl and autoclaved at 121 °C for 6 minutes. The primary antibodies against the NC1 domains of α3, α4, α5, and α6 (IV) chains were H31, H43, H52, and H63, respectively. All of the antibodies were diluted to 1:5 and the sections were incubated at 4 °C overnight. A VECTASTAIN Elite ABC kit (Vector Laboratories) was used according to the manufacturer's instructions. 3, 3′-Diaminobenzidine staining was performed at room temperature for 5 minutes. Sections from the same glomerulus of the ARAS patients were assessed. The images were captured using the Spot software program (version 5.0) through a Nikon Eclipse E800 microscope.

Statistical analysis
--------------------

The data are expressed as the mean ± SD. The Kaplan-Meier method was used to compare the survival time and a log-rank test for trend was used to compare the survival curves among more than two groups. Two-way analysis of variance (ANOVA) was performed to analyze the BUN and Cr data. One-way ANOVA was performed, followed by [the Tukey-Kramer]{.ul} post-hoc test, to analyze the other data. *P* values of \<0.05 were considered to indicate statistical significance. The StatView software package (version 5.0, SAS statistical software) was used to perform all of the statistical analyses.
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![The survival time of *Col4a3* −/− (3KO) mice did not become shorter after ablating *Col4a6*.\
(**a**) There was no significant difference in the mean survival times of 3KO and *Col4a3 & 6* −/− (DKO) mice (83 ± 6 and 81 ± 9 days, respectively). (**b**) After backcrossing with the C57BL/6 strain once, the survival times of mixed 3KO (M3KO) and mixed DKO (MDKO) mice were 126 ± 23 and 136 ± 36 days, respectively. Although the survival times of M3KO and MDKO mice were significantly improved in comparison to 3KO and DKO mice (log-rank test for trend, *P* \< 0.05 for each), there was no significant difference in the mean survival times of M3KO and MDKO mice. WT, wild mice, 6KO, *Col4a6* −/− mice.](srep29450-f1){#f1}

![The blood test results were comparable between *Col4a3* −/− (3KO) and *Col4a3 & 6* −/− (DKO) mice.\
(**a**) No significant differences were noted in the blood urea nitrogen (BUN) levels of the 3KO, 6KO, and DKO mice from those of the WT mice at 7 weeks of age. The BUN levels of 3KO and DKO mice were significantly elevated in comparison to those of wild mice (WT) and *Col4a6* −/− mice (6KO) at 11 weeks of age (^\#^*P* \< 0.05 versus WT, \**P* \< 0.05 versus 6KO). (**b**) Although no significant differences were noted in the serum creatinine (Cr) levels of the 3KO and DKO mice from that of the WT mice, the Cr level of the 6KO mice was significantly lower than that of the WT mice at 7 weeks of age (\*\**P* \< 0.05). At 11 weeks of age, the Cr levels of 3KO and DKO mice were significantly elevated in comparison to those of WT and 6KO mice (^\#^*P* \< 0.05 versus WT, \**P* \< 0.05 versus 6KO). There was no significant difference in the BUN and Cr levels of 3KO and DKO mice at 7 and 11 weeks of age.](srep29450-f2){#f2}

![The renal histology was similar between *Col4a3* −/− (3KO) and *Col4a3 & 6* −/− (DKO) mice.\
(**a**) Although the sclerotic indices of 3KO and DKO mice were significantly increased in comparison to wild mice (WT) and *Col4a6* −/− mice (6KO) (^\#^*P* \< 0.05 versus WT, \**P* \< 0.05 versus 6KO), there was no significant difference between 3KO and DKO mice at 11 weeks of age. Scale bars, 20 μm. (**b**) Although the fibrotic indices of 3KO and DKO mice were significantly increased in comparison to WT and 6KO mice (^\#^*P* \< 0.05 versus WT, \**P* \< 0.05 versus 6KO), there was no significant difference between 3KO and DKO mice at 11 weeks of age. Scale bars, 100 μm.](srep29450-f3){#f3}

![The expression of α5 (IV) and α6 (IV) chains in the glomerular basement membrane (GBM) of *Col4a3* −/− (3KO) mice was not observed after ablating *Col4a6*.\
α1 and α2 staining of the GBM was positive in the 4 groups at 11 weeks of age. In contrast, α3 and α4 staining of the GBM was positive in wild mice (WT) and *Col4a6* −/− mice (6KO) and negative in 3KO and *Col4a3 & 6* −/− mice (DKO). α5 staining of the GBM was positive in WT and 6KO mice, weakly positive in 3KO mice, and negative in DKO mice. α6 staining of Bowman's capsule (BC) and the GBM were positive and negative, respectively, in WT mice, while in 3KO mice, both the GBM and BC were positively stained. In 6KO and DKO mice, both the GBM and BC were negatively stained. Scale bars, 20 μm.](srep29450-f4){#f4}

![α3 (IV) to α6 (IV) chains were negative in the total kidney lysate of DKO mice.\
Type IV collagen α1 and α2 chains were detected as a monomer and a dimer, respectively, in all 4 groups, although type IV collagen α3 and α4 chains were only detected in wild mice (WT) and *Col4a6* −/− mice (6KO) at 11 weeks of age. The dimer of the α5 (IV) chains was detected in the WT and 6KO mice and weakly detected in the *Col4a3* −/− mice (3KO) but undetectable in the *Col4a3 & 6* −/− mice (DKO). The monomer of the α5 (IV) chains was detected in the WT and 6KO mice but undetectable in the 3KO and DKO mice. The dimer of the α6 (IV) chains was weakly detected in the WT and 3KO mice but undetectable in the 6KO and DKO mice. D, noncollagenous domain 1 (NC1) dimer; M, NC1 monomer.](srep29450-f5){#f5}

![The *Col4a1* and *Col4a2* expressions were upregulated in *Col4a3* −/− mice (3KO) and *Col4a3 & 6* −/− mice (DKO) compared to wild mice (WT) and *Col4a6* −/− mice (6KO).\
The *Col4a1* expression levels in 3KO and DKO mice were 3.8 and 3.2 times higher, respectively, than that in WT mice. The expression levels of *Col4a2* in 3KO and DKO mice were 4.1 and 4.6 times higher, respectively, than that in WT mice. The expression levels of *Col4a3* in the 3KO and DKO mice were significantly lower than in the WT mice (^\#^*P* \< 0.05). The expression levels of *Col4a5* in 3KO and DKO mice were 1.6 and 1 times higher, respectively, than that in WT mice. Finally, the expression level of *Col4a6* in 3KO mice was 1.3 times higher than that in WT mice, while the expression levels of *Col4a6* in the 6KO and DKO mice were significantly lower than those of the WT and 3KO mice (^\#^*P* \< 0.05 versus WT, \**P* \< 0.05 versus 3KO).](srep29450-f6){#f6}

![α5 (IV) and α6 (IV) chains were focally detected in the glomerular basement membrane (GBM) of autosomal recessive Alport syndrome (ARAS) patients.\
(**a**) The pedigree of a Turkish family with consanguineous parents. One son and one daughter of consanguineous Turkish parents had a homozygous mutation (4523-1G \> A in intron 46 of *COL4A4*). The parents and two brothers did not present renal impairment. Open square, unaffected male; open circle, unaffected female; close square, affected male; close circle, affected female. (**b**) An electron microscopic analysis showed typical thickening, thinning, and splitting of the GBM in the affected son (ARAS1) and the affected daughter (ARAS2). Scale bars, 1 μm. (**c**) In the healthy subjects, the GBM was positively stained with α3, α4, and α5, while Bowman´s capsule (BC) was positively stained with α5 and α6. In both of the ARAS patients, the GBM was negatively stained with α3 and α4, while BC was positively stained with α5 and α6. Some areas of the GBMs of these patients were positively stained with α5 and α6 (black arrows). In the ARAS2 patient, α6 staining was strong and linear in one area of the GBM (black arrowhead). Scale bars, 100 μm.](srep29450-f7){#f7}
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